Realization of atomic layer etching of silicon
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An experimental system and methodology were developed to realize dry etching of single crystal
silicon with monolayer accuracy. Atomic layer etching of silicon is a cyclic process composed of
four consecutive steps: reactant adsorption, excess reactant evacuation, ion irradiation, and product
evacuation. When successful, completion of one cycle results in removal of one monolayer of
silicon. The process waself-limiting with respect to both reactant and ion dose. Control of the ion
energy was the most important factor in realizing etching of one monolayer per cyclé996
American Vacuum Society.

[. INTRODUCTION cycle, indicating that only “fractional atomic layer etching”
Control of device dimensions down to the atomic level isWas achieved. Based on the literature reports, atomic layer

important in a number of emerging technologies includingetChing of Si with a self-limiting etch rate of 1 ML/cycle has

fabrication of abrupt heterostructure interfaces and extremeliot been realized to date.

thin layers for optoelectronics, quantum devices, and In this work, an experimental system and a methodology

nanostructure$.These technologies require film deposition were developed to etch single crystal silicon with monolayer

and etching processes with the ability to control the filmaccuracy.

thickness with monolayer accuracy. Techniques to deposit , , ,

solid materials one atomic layer at a time have been demorf- Atomic layer etching requirements

strated successfull?yln contrast, etching a material surface  Atomic layer etching(ALET) of silicon is a cyclic pro-

one atomic layer at a time, has not hitherto met with thecess consisting of four consecutive steps:

same degree of success. (1) Exposure of a clean single crystal silicon surface to

_Atomic layer eiching of GaAs has been realiztby chlorine gas, and adsorptigohemisorption of the gas onto
using CL/Cl gas and low-energy Arion bombardment, en- )
the surface to form a monolayer;

ergetic electron bombardment, or KrF excimer laser irradia- . i
g (2) Evacuation of the chamber, so that only the chemi-

tion. In addition, by using chemical beam etcHiitg reversal ) ] )
of molecular beam epitayy Tsanget al. have recently dem- sorbed layer of chlorine can subsequently react. This step is

onstrated atomic level control over etching of GaAs. necessary to avoid etching by gas—phase species in3tep

Although atomic layer etching of GaAs has been success- (3) Exposure to an Ar ion beam, to effect chemical re-
ful, that of silicon(the premier electronic materjatas been action between the adsorbed gas and the underlying solid. In
an elusive goal. In their study of atomic layer etching ofthis step, a monolayer of the solid is removed;
Si(100 using F atoms and Arion bombardment,Horiike (4) Evacuation of the chamber to exhaust the reaction
et al. observed thatﬁ saturatlon_etch rate can be achievegtoducts. Completion of one cycle can result in etching of
with respect to the Ar ion dose; this etch rate, however, was gne atomic layer of silicon. The cycle can be repeated to etch
foudndlto befa funcnor:c orf] the F atom percer]:taiglgle in the flow, g many atomic layers as required.
and a’so a yncUon oft € exposure fume ot stlicon tq F at- To achieve etching with atomic layer control, the process
oms, indicating that self-limiting etching was not achieved. " ; .

. - must beself-limitingwith respect to both gas dose in stdp
An extension of the work by Horiiket al. was reported by . : S .
and ion dose in stefB). This implies that the gas used in

Sakaueet al, in which molecular chlorine was used as the )
adsorbate and At ion bombardment was used to induce St€P (1) must not react spontaneously with the surface, the

reaction? Again, a saturation etch rate was observed as théhs in step(3) must be inert, and the energy of these ions
Ar™ ion irradiation time(ion dose was increased. However, must be chosen so that sputtering does not occur. Molecular
this etch rate was only 1/3 monolayer/cycle fo(180). Mat-  chlorine does not etch silicon spontaneously at room
suuraet al®!and Suzueet al’? reported a study of layer- temperaturé® Chlorine does chemisorb on the silicon
by-layer silicon etching by alternating adsorption of chlorinesurfacé* to form a monolayer of Cl atomi$but surface re-
and Ar" ion irradiation. It was found that although a “satu- action leading to volatile chloride¢SiCl) does not occur.

ration” gtch rate with respect to the chlorine exposure couldchorine is, therefore, a suitable gas for stép Exposure of
be obtained, the value of this etch rate was alwaisML/ 5 c|.covered silicon surface to argon ions in st& can

induce a chemical reactidfi.However, the ion bombard-
dCurrent address: Tegal Corp., Petaluma, CA 94953,
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time [step(3)]. The forward and reflected power to the heli-

Ar MFC Pressure .
o r—j‘—M;EJ cal resonator was 140 and 25 W, respectively, as measured
M

Electrode by an in line power mete(Bird), and was not changed for
Faraday Shicld the experiments reported here. The dc bias developed on the

High Voltage
Generator

<= Quarter-wave substrate electrode was varied, however, by varying the
Macintosh Control RF Power Helical Resonator 1 i i
cOmpuer Unit Supply f_ power input to the substrate. Reaction products were finally
A Sample evacuatedstep(4), typically 2 s lond to complete an ALET

Plasma

cycle. The cycle was repeated a prescribed number of times;
typically hundreds of cycles were used per sample. A
sumpe microprocessor-controlled system was used to perform ON/
—————— Teansfer OFF switching and timing of the chlorine gas flow, the rf
power to the helical resonator and to the substrate, and the
high voltage tesla coil. Control experiments were performed
to ensure that physical sputtering or spontaneous chemical
Turbomolecular pump etching did not occur under the ALET conditions described

Fic. 1. A schematic of the experimental ALET system including the main herein. .
vacuum chamber, the quarter-wave helical resonator plasma source, and the Sampleg~1 cnt ared were obtained fronp-type (boron
computer control system. The sample is shown immersed in the plasma@loped Si(100) wafers with resistivity of 25.5-42.8 cm. A
MFC=mass flow controller, RFradio frequency. 1000-A-thick patterned chromium film was used as a mask.
Just before an ALET experiment, the sample was dipped in
Il EXPERIMENT buffe_:re_d HI_: to remove the native oxide of silicon, followed
by rinsing in deionized water. The sample was then blow
Figure 1 shows a schematic of the ALET apparatus usedried using ultrafiltered pressurized nitrogen gas and was
in this work. A quarter-wave helical resonator was used tdoaded immediately into the reactor through a load—lock
generate a high density plasma sustained in a 61.5 mm insidthamber using a magnetically coupled transfer rod. After an
diameter quartz tube that was part of a turbomolecularexperiment, the chromium mask was wet etched using a 1:1
pumped high vacuum chamber. An electrostatic shield premixture of HCl:glycerine. The resulting step height was mea-
vented any capacitive coupling to the plasma, resulting in &ured using a surface profilomet@rencor Instruments, Al-
low plasma potential. This is thought to be important sincepha Step 100 The step height divided by the total number
the ion bombardment energy is determined by the differencef ALET cycles yielded the etch rate per cycle. An atomic
between the plasma potential and the substrate potential. THerce microscopd AFM, Omicron) was used to analyze the
plasma potential was not measured but it is expected to besurface topography of selected samples. Both masked and
few tens ofV. Separate radio frequen¢¥3.56 MH2 power  etched areas of the sample were scanned to obtain informa-
supplies(ENI, ACG-3) were used to generate the plasma anction on the surface roughness before and after etching.
to bias the substrate holder. This way, the plasioa) den-
sity could be controlled essentially independently of the ion
bombardment energy. A tesla coil was used to generate ILl;tl' RESULTS AND DISCUSSION
high voltage pulse that was momentarikz1l s applied to a Figure 2 shows the silicon etch raie monolayers/cycle,
copper band electrode outside the quartz tube to aid iML/cycle) as a function of the duration of stéB) with the
plasma ignition. Megabit grade chloring¢Solkatronic, substrate dc bias as a parameter. With a constant plasma
99.998% minimum purity and prepurified grade argon density and, hence, constant ion flux to the substrate, the
(Linde Specialty Gases, 99.998% minimum puritsere me-  duration of steg3) is proportional to the ion dose. The chlo-
tered through mass flow controllefgnit Instruments, UFC  rine partial pressure during steéfy) was 2.4 mTorr and the
100). The pressure in the plasma and the vacuum chambeluration of steg1) was 9 s. It can be observed that, as the
underneath were measured using a pressure transdik&  duration of steg3) is increased, the etch rate increases and
Instruments, Baratron 622nd ionization gaugéGranville  reaches a saturation value. This indicates that self-limiting
Phillips, 27006, respectively. etching is achieved with respect to the ion dose; i.e., further
ALET experiments were conducted as follows: a continu-irradiation of the substrate with Arions does not lead to
ous flow of argon(30 sccm was maintained through the more etching. The value of this self-limiting etch rate de-
quartz tube for the duration of the experiment, resulting in gpends strongly on the substrate dc bias and, hence, on the
gas pressurén the tube of 15 mTorr. With the chlorine gas Ar™ ion bombardment energy. It is important to note that in
flow and the plasma OFF, a sample was introduced into thgoing from a dc bias of-3.0 to —1.0 V, the energy of the
quartz tube. A chlorine gas pulse of variable duration and/oAr™ ions bombarding the substrate increases. The corre-
strength(partial pressure of chlorinavas then admitted into sponding self-limiting etch rate changes fren0.5 to ~1.3
the tube[step(1)]. Excess chlorine from the sample atmo- ML/cycle. At the dc bias value o+ 0.2 V a self-limiting etch
sphere was evacuatgdtep (2), typical duration 12 5 The rate of 1 ML/cycle is achieved. The behavior is extremely
plasma and the rf power to the substrate were then switchesknsitive to the ion energwpplied bias voltagendicating a
ON simultaneouslyand kept ON for a prescribed duration of near-threshold process.
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Fic. 2. ALET etch rate as a function of duration of stég) at different Fic. 3. ALET etch rate as a function of the product of chlorine partial
substrate bias conditiorfsymbolg. The dashed line serves as a guide to the pressure and duration of stép at different substrate bias conditiofsym-

eye. The experimental conditions were as follows: net plasma pel#5  bols). The dashed line serves as a guide to the eye. The experimental con-
W, argon pressurel5 mTorr, duration of steffl)=9 s, chlorine partial  ditions were as follows: net plasma powerl5 W, argon pressurel5
pressure=2.4 mTorr. mTorr, duration of stef§3)=90 s.

A saturated silicon etch rate of more than 1 ML/cycle is
obtained for a dc bias of 1.0 V. At this dc bias, although no The corresponding self-limiting etch rate changes from

physical sputtering was observed, the"Aons may still gen- ~0.85 to ~1.3 ML/cycle. Again, at the dc bias value of
erate structural “damage” below the topmost silicon atomic+0.2 V a self-limiting etch rate of 1 ML/cycle is achieved.
layer}” Upon gas exposure during stép), chlorine may From Figs. 2 and 3 it is evident that the saturation etch

adsorb on Si atoms beneath the topmost Si layer, and sormate of 1 ML/cycle, achieved at a substrate dc bias-6f2
SiCl, products may be removed there from due to thé Ar V, is self-limiting with respect to both ion dose in sté}),

ion bombardment in stef8). As the duration of ste3) is  and chlorine dose in stefl). This indicates that ALET of
increased, a steady-stdt®mnstant thickness of this damaged silicon has been achieved through careful control of thé Ar
layer is reached. Therefore, the Aions bombarding the ion bombardment energy.

substrate remove more than 1 ML per cycle, yet exhibit a The surface topography of the silicon samples before and
self-limiting behavior. This would not be possible if there after etching was studied using an atomic force microscope.
was any sputtering of the substrate taking place. MoleculaFigure 4 shows AFM images of the sample surface showing
dynamics studies are planned to elucidate these phenomenia) a masked area, ani)) an etched area of the sample after

It is also interesting to note that at dc bias values-6f6 280 ALET cycles at a 0.9 ML/cycle etch rate. The rms
to +3.0 V, less than 1 at. layer of silicon is removed perroughnes$300 Ax300 A scan areeof the masked area and
cycle, yet self-limiting behavior is observed. A plausible ex-the etched area is 4.13 and 4.94 A, respectively. The rms
planation for this behavior is that preferential removal of Clroughness values were different at different locations on the
atoms occurs from the surface at these dc bias values, sample; for example, the values were 2.3Masked area
addition to SiCl product removalwhich leads to etching  and 3.03 A(etched areaat another location and they were
Once all the CI atoms are removed from the surface, furthe4.48 A (masked areaand 3.06 A(etched areaat still an-
exposure to Af ions does not lead to etching, as physicalother location, which was 3 mm away from the previous one.
sputtering by Af ions does not occur under these condi-Overall, the rms roughness of the etched area is very similar
tions. The self-limiting etch rate of less than 1 ML/cycle to that of the masked area. Hence, the surface roughness was
achieved at+0.6 to +3.0 V dc bias seems consistent with not affected by ALET, another indication of a layer-by-layer
the observation of “fractional atomic layer etching” by Mat- process.
suuraet al 11! The importance of fine control of the Ar ion-

The variation of the silicon etch rate as a function of bombardment energy in achieving ALET of silicon is clearly
chlorine dose, i.e., the product of the chlorine partial pressurevident from this work. Attempts to achieve ALET of sili-
and the duration of stefl), P, Xt,, is shown in Fig. 3. The con, using chlorine and Arions, reported in the literature to
duration of stef3) was fixed at 90 s. It can be observed thatdateé~'? seem to have lacked the ability to precisely control
the etch rate increases and reaches a self-limiting value as thige Ar* ion-bombardment energy. Apparently in these pre-
chlorine dose increases. The value of the self-limiting etchvious studies, the Arion-bombardment energy was not suf-
rate achieved is again strongly dependent on the dc bias diciently high to remove a complete atomic layer of silicon
the substrate. In going from a dc bias-61.0to—1.0 V, the  per cycle. A self-limiting etch ratéwith respect to chlorine
energy of the Af ions bombarding the substrate increasesexposurg of <1 ML/cycle (“fractional atomic-layer etch-
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accuracy. It was found that the process was self-limiting with
respect to both the chlorine dose in stépand the ion dose

in step (3). The self-limiting etch rate was found to be a
strong function of the dc bias on the substrate and, hence, the
ion-bombardment energy. The ion-bombardment energy was
the single most important factor in realizing etching of 1 ML
per cycle. By controlling this variable, self-limiting etch
rates of less or more than a monolayer/cycle could also be
achieved. Atomic force microscope images of the silicon sur-
face before and after etching showed that the surface rough-
ness was not affected significantly by ALET.
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